Objective: To determine whether dual-energy X-ray absorptiometry (DXA) is a valid method for body composition assessment of obese and non-obese subjects. Design: Cross-sectional study. Subjects: Chinese women living in Hong Kong; 66 of 91 subjects had body mass index (BMI) of b 25 kgam 2 . Measurements: Anthropometrics, including body weight, body height, waist and hip girth. Percentage body fat (%BF) and fat-free mass (FFM) from DXA (Hologic 2000 plus, Enhanced Array Whole Body Version 5.63) were compared with that based on a tracer dose of deuterium oxide for the determination of total body water (TBW). Results: In both obese and non-obese subjects, FFM DXA was similar to FFM TBW . The Bland and Altman-type analysis indicated that comparable between-methods differences (mean bias) and limits of agreement were obtained in obese and non-obese subjects for FFM (0.4, between 7 4.4 and 5.2 kg vs 0.5, between 7 3.1 and 4.1 kg) and %BF ( 7 0.6, between 7 7.6 and 6.4% vs 7 1.2, between 7 8.6 and 6.2%). The %BF bias was independent of age, BMI, hip circumference, and waist-to-hip ratio, but correlated with waist girth (r 0.24, P 0.021). Conclusion: The sources of bias are methodological and anthropometric in nature. The between-methods differences, however, are small and clinically insigni®cant. DXA is a valid method for assessing the body composition of obese patients.
Introduction
The relationship between body composition and health has been studied for many decades and there is substantial evidence that extremes in body composition are hazardous to health. Knowledge on body composition provides valuable information for a variety of clinical and research settings. Many methods are available for the assessment of body composition and the choice depends, in part, on the type of information being sought Roche et al, 1996) . In the classical model, body weight is divided into two compartments, fat mass (FM) and fat-free mass (FFM) . If the mass of one compartment is known, information on the other compartment can be deduced. Fat mass estimation is usually achieved by hydrodensitometry (underwater weighing, UWW), whereas FFM could be estimated using the total body water (TBW) or wholebody total potassium counting techniques. These three methods are generally accepted as reference methods for the estimation of FM and FFM (Van Loan and Mayclin, 1992; Wang et al, 1992) .
Methods such as anthropometry and bioelectrical impedance (Wang & Deurenberg, 1996) are also widely used in body fat content assessment because these methods are suitable for ®eld studies (Lohman, 1991) . DXA represents one of the latest technologies for high-precision body composition estimation (Fuller et al, 1992) . Widely used for estimating bone mineral content and density (Wahner et al, 1985; Kung et al, 1998) , DXA has now been extended to provide regional and whole-body soft tissue estimations (Lohman, 1996) . As the theoretical basis of DXA (Pietrobelli et al, 1996) differs from the aforementioned reference methods, many validation studies have been carried out in the past 10 years. DXA estimations are known to be manufacturer-and software-dependent (Tothill et al, 1994; Spector et al, 1995; Kistorp & Svendsen, 1997) . In general, DXA-generated whole-body soft tissue estimation is accepted as valid for normal healthy subjects, but results on its application in various clinical settings are mixed (Roubenoff et al, 1993; Van Loan, 1998) . Using DXA, we conducted a study to monitor body composition changes in a group of obese women undertaking weight reduction. Our ®rst objective was to determine if DXA is a valid method for estimating the body fat content of women with a broad range of fatness. This report focuses on the validation of the DXA estimation against a reference method, deuterium oxide dilution, in obese and non-obese women.
Methods

Subjects
A total of 91 Chinese women, aged 23 ± 60 y, participated in the study. The non-obese subjects were healthy volunteers, whereas the obese subjects were hospital outpatients (Queen Mary Hospital) just enrolled into a supervised weight reduction program. None of the obese subjects had engaged in any weight management program in the last 6 months. At the time of study they had stable body weight. Subjects did not have any other medical conditions except those associated with obesity. Using a body mass index (BMI) of b 25 as the criterion, 66 subjects were classi®ed as overweight or obese. The study protocol was approved by the Ethics Committee, University of Hong Kong. Informed consent was obtained from each subject.
Anthropometry
Height was measured to the nearest 0.1 cm with a standiometer (SECA 220, UK). Body weight (kg) was derived from FM and FFM as determined by DXA. BMI was calculated using the equation of weight (kg) over height squared (m). Waist and hip girth were also measured. Waist girth was measured at the minimum circumference between the iliac crests and lower ribs (about midway), whereas hip circumference was measured at the level of the greatest protrusion of the buttocks when the subject was standing erect with feet together (Noe Èl, 1984) . The mean of three readings was used for each parameter. The body circumferences were measured by the same investigator with an intra-observer coef®cient of variation of 0.4%. Dual-energy X-ray absorptiometry A Hologic QDR-2000 plus dual-energy X-ray absorptiometer (Hologic Inc., Waltham, MA, USA) was used to estimate body composition. The equipment had an X-ray tube and a ®lter, generating two X-ray beams (fan beam) with energy level alternating between 70 and 140 kVp. Fat mass, FFM DXA and % BF DXA were calculated against an external lucite and aluminium phantom using the Enhanced Array Whole Body Version 5.63 software. Subjects were scanned in a supine position. The duration of a whole body scan was about 7 min and radiation exposure was 3.4 mSv (Hologic, 1994) .
Total body water
Total body water was assessed using a deuterium oxide (D 2 O) dilution method, according to that described by Lukaski and Johnson (1985) . All subjects arrived at the laboratory in the morning after an overnight (12 ± 14 h) fast. Blood samples were collected by venipuncture into heparinized tubes before (blank sample), 2 and 2.5 h after the oral administration of an accurately weighted 10 g dose of D 2 O (999.9 gakg). The subjects also drank 300 mL of water which was used to rinsed the capped container. They rested and remained in a quiet state during the sample collection period. Blood samples were centrifuged (3500 rpm) at 4 C for 10 min. Plasma was then puri®ed as a water sample by vacuum sublimation (Lukaski & Johnson, 1985) . Using a D 2 O enriched sample (plasma sample for quality control), the coef®cient of variation across 7 separate days was 2.2%. The recovery rate of D 2 O from the vacuum sublimation procedure was 99.5%.
Total body water was calculated from the D 2 O concentration difference between the blank and the post-ingestion sample with the highest enrichment. In most cases, this was the 2 h sample. TBW was calculated (Cote & Adams, 1993) using the following equation:
where V u is the volume of urine voided, if any, during the sample collection period and 0.9937 is the density of water at 36 C for the conversion of volume (L) into mass (kg). To account for the difference between isotope dilution space and total body water due to the exchange of D 2 O with labile hydrogen of protein and other body constituents, a 5% correction factor was applied (Cote & Adams, 1993; deWaart et al, 1993) . To calculate FFM, 0.732 was used as the hydration constant (Pace & Rathbun, 1945) :
Percentage body fat (%BF TBW ) was obtained by:
Statistical analysis
Results are expressed as means and standard deviations. Differences between non-obese and obese subjects were determined by Student's t-test. Between-methods differences for the two groups were determined by a paired t-test. Spearman's rank method was used to correlate values derived from the two methods among all subjects since the body fat content of the women may not necessarily followed a normal distribution. Furthermore, the biases were plotted against the mean values of the two methods and the limits of agreement between methods for FFM and %BF were estimated as described by Bland and Altman (1986) . An a level of 0.05 was chosen for all tests. The SPSS Version 7.5 Software (Statistical Package for Social Sciences Inc., Chicago) was used for all statistical analyses. Assessing body composition by DXA M He et al
Results
The physical characteristics of the subjects are shown in Table 1 . The mean age of the women was 41.2 y. The BMI of the non-obese subjects was signi®cantly lower than that of obese subjects (P`0.001). FFM, FM and %BF derived from the two methods were highly correlated (r 0.90, 0.98 and 0.91, respectively). In the non-obese subjects, FFM DXA was similar to FFM TBW (t 1.45, P 0.161, Table 2 ). A similar situation was noted in the obese subjects (t 1.45, P 0.152). %BF derived from the two methods was not different in non-obese and obese subjects ( Table 2 ). The plot of FFM bias (FFM TBW ± FFM DXA ) against the mean of two methods for all subjects is shown in Figure 1 . As given in Table 3 , in the non-obese subjects FFM DXA values were on average 0.5 kg less than those for FFM TBW , with limits of agreement between 7 3.1 and 4.1 kg. FFM bias in the obese subjects was 0.4 kg with limits of agreement between 7 4.4 and 5.2 kg. The plot of %BF bias against the mean %BF for all subjects is given in Figure 2 . %BF bias and limits of agreement for both groups of subjects are presented in Table 3 . The biases were not different between the non-obese and obese groups. With all subjects included, the bias of %BF was found to be independent of age (r 7 0.06, P 0.58), BMI (r 0.15, P 0.17), hip circumference (r 0.18, P 0.091) and waist-to-hip ratio (r 0.19, P 0.072), but correlated with waist girth (r 0.24, P 0.021, b 0.07).
Discussion
The validity of DXA in estimating body fat content was performed mainly on Caucasian populations. Results of the present study indicate that DXA-derived FFM and %BF are comparable to those derived from TBW in a group of Chinese women. With the intention of using DXA to monitor body composition in obesity, a large proportion of our subjects were either overweight or obese; this study sample therefore cannot be regarded as representative of the Chinese population in Hong Kong.
In the present study DXA data were compared with estimates based on deuterium dilution (Van Loan & Mayclin, 1992 ). This decision was based on the following considerations. First, the precision of TBW is comparable to UWW. It has been reported that precision of TBW ranges from 2 to 4% (Schoeller, 1996) , which compares favorably with the widely accepted 3.8% for UWW (Lohman, 1991) . Second, technical dif®culties have been reported by others performing UWW on women of Chinese origin (Wang et al, 1992; Eston et al, 1995) . This means we would have had to tolerate a larger potential error if we had proceeded with the UWW method. In our hands, TBW is an acceptable method with a precision comparable to that reported by Lukaski and Johnson (1985) . It is acknowledged that the decision to not conduct UWW has precluded us from applying a three-component model to determine body composition (Siri, 1961; Lohman, 1996) . Such information would allow us to compare estimates of the two working models. Figure 2 Difference in %BF between TBW and DXA against the mean %BF of the two methods (non-obese j, obese u). The between-methods difference is 7 0.8% with limits of agreement (dashed lines) between 7 7.7 and 6.2%. r 0.22, P 0.035, b 0.1.
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When different methods of body composition assessment are compared, high correlation coef®cients are usually obtained between methods, but such information is not evidence for an agreement between methods. In our hands, we did not ®nd signi®cant between-methods differences for FFM and %BF. When all subjects were pooled, DXA underestimated FFM by 0.5 kg and overestimated BF by 0.8%. These biases and errors are comparable to (Fuller et al, 1992; Pritchard et al 1993) or better than (Engelen et al, 1998) published values. For instance, Fuller et al (1992) also found DXA to underestimate FFM by 0.2 kg (2 s.d., 5.3 kg) when compared with TBW. Relative to TBW, Pritchard et al (1993) found DXA to underestimate BF by 0.3% (2 s.d., 8.8%). It is worth noting that subjects in the latter two studies had much lower body fat content (around 25%) when compared to the present study. Very few studies have used DXA to examine body fat content in Chinese. In an earlier study, Wang et al (1992) compared various body composition techniques in Whites, Blacks and Asians. They found %BF derived from Lunar DP-4 and Lunar DPX to correlate highly with values from TBW in Asian men and women, but fat content was overestimated by 1.5% when compared with TBW. The larger bias might be due to several factors, including variations between makes of instruments as well as subject pro®les. There are three manufacturers of DXA. As the companies adopt different methods to derive the relationship between X-ray attenuation and body composition, it is not surprising to ®nd that different results have been obtained with the same sample. For instance, Tothill et al (1994) observed higher fat content for Lunar and Norland instruments than that of Hologic. Over the years, newer models and software have been made available and comparative studies are needed to determine their relative validity.
Supportive evidence for DXA as an acceptable alternative to the traditional methods for soft tissue composition assessment has mainly been derived from normal weight subjects (Heyms®eld et al, 1989; Van Loan & Mayclin, 1992; Wang et al, 1992; Withers et al, 1992; Boileau et al, 1994) . The need to validate DXA instruments using subjects with varied body composition (Fogelholm & Marken Lichtenbelt, 1997 ) is obvious if the technology is to ®nd applications in clinical settings. A major concern of the method arises from the software assumption of constant hydration for different components of the fat-free body. In addition, body thickness (Lasky et al, 1992; as well as regional fat distribution (Snead et al, 1993) have been identi®ed as factors which might limit the use of DXA in estimating body composition of the obese. In this context, our data provide new insight, as the BMI and %BF of our subjects covered a wide range. We found comparable %BF bias and limits of agreement between the obese and non-obese groups, indicating that the accuracy of DXA was not particularly compromised in the obese. Our data, however, support the contention that DXA might overestimate fat content of the very lean and underestimate fat content of the very obese (Snead et al, 1993) . Nevertheless, the magnitude of over-or underestimation is clinically acceptable as the slope of the plot of %BF bias against the mean of the two methods was only 0.1.
The present data also indicate that %BF bias only correlates with waist girth and not other anthropometric parameters. This tends to support the observations of Snead et al (1993) , which showed an underestimation of truncal fat by DXA. Compared with the latter study, our estimates of error attributable to waist girth are small. This might be related to technological and software improvements made by the manufacturer. The possibility of a systematic agerelated error in the estimation of %BF (Baumgartner et al, 1991; Snead et al, 1993) was also explored. In this context, we found %BF bias to be independent of age. Because 60 y was the oldest age in the present study, a generalization of this observation should be cautioned against.
Conclusion
Compared with TBW, the accuracy of DXA in body composition estimation of the obese matches that of the non-obese. For the majority of subjects, lean or obese, the small between-methods difference is biologically and clinically insigni®cant. DXA could be used for clinical evaluation of obese patients.
